Purpose: To compare the distributional parameters for a series of ocular biometric traits between twins and their singleton siblings in order to evaluate the generalizability of twin data as used in heritability analyses to the general population.
Introduction
The classic twin study represents one of several investigative methodologies in genetic epidemiology designed to quantify the relative contribution of genes and environment to biological traits and disease. The interpretation of estimates of heritability from twin data is based on implicit assumptions of twin-singleton trait comparability, which influences the extent to which such results may be considered applicable to the general non-twin population. In addition to non-random sampling, this reflects a frequent criticism of the twin method in its purported non-generalizability to singletons due to differences in developmental (e.g. intrauterine, family) environment between the two groups. Certainly, it is well accepted that on average, twins are more likely to be born premature and have lower birthweights than singleton pregnancies. 1, 2 The representativeness of twins for the general population for a trait found to be associated with such neonatal outcomes therefore requires cautious interpretation. Further to this, the "Developmental Origins of Health and Disease (DOHaD)", or "Barker hypothesis" is illustrative in postulating the epidemiological evidence supporting an inverse association between birthweight and adult cardiovascular disease is more a causal effect governed by adverse prenatal exposures. 3 In a recent twin study, however, de Geus et al. found no evidence in favour of this theory, with no difference in blood pressure observed between twins and their siblings. 4 In fact it is likely that common genetic factors may play a mediating role in this relationship. 5 Differences in placentation between monozygotic (MZ) and dizygotic (DZ) twins also have the potential to impact the validity of extrapolation from twin findings. While all DZ twins have separate placentas (dichorionic), approximately 60% of MZ pregnancies are monochorionic, which carries an increased risk of vascular abnormalities during gestation.
Asymmetric fetal sharing of the common placenta often result in birthweight differences between twins and may subsequently affect postnatal growth. 6 Given that placentation data are infrequently collected, another concern relates to potential disparities between monochorionic and dichorionic MZ trait correlations, which may challenge the most fundamental assumptions of the classic twin method. Of all twin types, dichorionic MZ or DZ twins carry the lowest risk of perinatal mortality at approximately 9%; however, this still remains greater than that observed with singleton pregnancies. 7 There is a paucity of information in the literature considering the generalizability of twin data. Silventoinen et al. examined the heritability of body size and muscle strength in a prodigious cohort of Swedish males and found that differences between singletons and twins can persist into adult life with twins being shorter, lighter and demonstrating lower muscle strength than singletons. 8 In addition, singletons showed more variation in weight and strength measures compared to twins with known zygosity, probably resulting from selection bias due to non-participation. Subsequently, previous heritability estimates for these anthropometric parameters may have been spuriously inflated. The use of unrelated singletons can complicate the statistical modelling given the lack of matching for genetic and family environment. Utilising siblings of twins ("Extended twin design") largely overcomes this difficulty while increasing the statistical power of the study, however, differences in trait values between these groups would obviously negate this advantage.
We conducted a large twin study to evaluate genetic and environmental determinants of ocular biometry and eye disease with a particular interest in glaucoma and myopia endophenotypes. 9 In addition to determining heritability estimates, we performed microsatellite linkage 10, 11 and a GWAS (genome-wide association study) 12, 13 on this cohort.
Where available, siblings have been examined as part of the Brisbane Adolescent Twin Study under an extended family study design. Little information is available regarding the generalizability of twin data for ocular biometric traits. To date there has been only one study specifically investigating the representativeness of twins to the general population and this was for refractive error. 14 We had previously shown no difference in retinal blood vessel diameter measurements between the two groups but wished to extend this to all the major biometric measures.
Materials and Methods

Participants
Twin pairs were identified from two cohorts, the Twins Eye Study in Tasmania (TEST), 9 and the Australian Twins Eye Study (ATES). 15 The relevant ethics committees of the excluded from the analysis.
Traits Examined
All twins and siblings participating in the study underwent a comprehensive clinical examination that included anterior segment examination, corneal pachymetry, intraocular pressure (IOP) measurement, auto-refraction, and a mydriatic optic disc assessment. The same measurement methods and instruments were utilised in both groups. Simultaneous stereoscopic optic disc photographs were taken with a fundus camera (3-Dx/F; Nidek, Gamagori, Japan) on 35-mm slide film (Ektachrome; Eastman Kodak, Melbourne, Australia).
For all twin pairs, zygosity was confirmed by DNA analysis of short tandem-repeat (STR) and subsequent GWAS.
A series of 13 ocular biometric traits were selected for analysis; inter-pupillary 
Statistical Analysis
Data management and statistical tests were performed in the R statistical environment. 16 Descriptive statistics were calculated for each trait in addition to measures of spread, including kurtosis and skewness. Distributions were tested for normality with the Shapiro-Wilks test and were considered significantly different from normal for p < 0.05.
Boxplots were constructed for each trait for twin (stratified by zygosity) and sibling data.
Unless otherwise indicated data are presented as mean ± standard deviation (SD).
A fundamental assumption of genetic modelling in the classic twin design is that the means and variances of the traits are not significantly different by birth order and zygosity.
The discovery of such differences may be indicative of ascertainment bias, measurement 8 error, or natural variation. On the other hand, if siblings can be shown to have the same mean-variance structure as their twin counterparts, there is sound reasoning in asserting the generalizability of twin data for that trait (in the context of a heritability study, the equal environment assumption should also be satisfied). 17 An elegant method for assessing these distributional moments is to use Structural Equation Modelling based on maximum likelihood, the primary advantage being that the technique allows parameter estimation rather than simple parameter calculation. 18 Data for each trait were z-transformed and winsorized such that the extreme 0.3% of values in this study (i.e. those exceeding ± 3 SDs from the mean) were replaced with ± 3.
Winsorization is a common statistical technique for dealing with data outliers, such that distributional tail values are constrained to some pre-specified percentile. Data were then subset into eight groups based on zygosity and sex: monozygotic females (MZF), monozygotic males (MZM), dizygotic females (DZF), dizygotic males (DZM), dizygotic opposite sex pairs with females first born (DZFM) and males first born (DZMF), female siblings (Sib F) and male siblings (Sib M). OpenMx software 19 was utilised to test the assumption that the means and variances for each trait did not differ between individuals within and across groups. In the first instance a saturated (control) model was fitted to the raw data and all parameters freely estimated. Twelve univariate, nested models were subsequently fitted in a stepwise fashion, with each applying additional parameter constraints compared to the previous model (Table 1 ). In the first nested model, the intrapair twin means were constrained to be equal within same sex groups (i.e. MZFt1=MZFt2, MZMt1=MZMt2, DZFt1=DZFt2 and DZMt1=DZMt2) to examine birth order effects. In the second model, equality constraints were also placed on the means across same sex groups Each of the nested submodels was then compared to the saturated model by hierachical χ 2 tests. Twice the difference between log-likelihood values of the nested and saturated models is asymptotically distributed as χ 2 with degrees of freedom (df) equal to the difference in parameters being estimated. The submodel with the lowest difference in log-likelihood is considered to fit best and reflects model parsimony (fewest number of freely estimated parameters) indicated by a non-significant difference between the nested and saturated fits. 20 All anthropometric and ocular traits were adjusted for covariate effects in this study.
The effect of birthweight on each trait was investigated by comparing the saturated model to an equivalent model with this parameter removed. The difference in log-likelihood between the two models therefore provides an indication of whether birthweight may be associated with the phenotype under examination. If the statistical fit deteriorated (i.e.
significant difference in log-likelihood), birthweight was retained as a covariate in subsequent hypothesis testing, otherwise it was eliminated. Additionally, age, age 2 , sex*age and sex*age 2 were modelled as fixed effects (regressed from the mean) for each phenotype.
The inclusion of age as a quadratic covariate was to allow for non-linear age effects, and was considered important as our cohort displayed large age variation. The addition of sex interactions are necessary as there are no a priori reasons to expect the influence of age to be the same across sex.
OpenMx does not permit missing covariate data, thus incomplete data (birthweight and gestation data only) for a subject were replaced with the mean of the entire cohort. To minimise Type I error resulting from the large number of tests performed (219), a
Bonferroni correction was applied (0.05/219) with statistical significance defined as p ≤ 0.00023. Significant twin-sibling differences were described by Cohen's d, an effect size invariant to scaling that is measured in SD units. 21 Cohen's d is calculated as follows:
where μ Sib is the mean of sibling group, μ Twin is the mean of the twin group and σ is the pooled standard deviation. Cohen proposed that d values of 0.2, 0.5, and 0.8 represent small, medium, and large effect sizes respectively.
Results
Descriptive statistics for all participants for age, birthweight, gestation, anthropometric and ocular biometric traits investigated are shown in Table 2 . The mean ± SD age across all participants was 20.6 ± 11.8 years (range, 5-90 years). Figure 1a shows a boxplot of differences in age between twins and siblings. The distribution of age was positively skewed with MZ twins on average two years older than their DZ counterparts.
Birthweight and gestation data were available for 82% and 89% of all participants, respectively. The average birthweight was 2.56 kg and gestation 37 weeks; however, as discussed this depends significantly on the type of pregnancy. The boxplot for birthweight 
Equability of Means and Variances
The influence of twin order, zygosity, sex and twin-sibling differences for each of the traits examined is shown in Table 3 . When we equated the means and variances for birthweight across twins and siblings (H4 M,V ), significant differences in log likelihood were observed compared to the saturated model allowing freely estimated parameters. Thus, as expected, differences exist in birthweight between the two groups. Poor model fits were similarly noted for gestation period when attempting to constrain twin-sibling group means.
Adult height and weight was equivocal between subgroups; however, significant sex differences were observed (H5 M ) with males both taller and heavier than females.
Birthweight was found to be associated with adult height, IPD, corneal curvature, axial length and CRAE, and was subsequently retained as a covariate in hypothesis testing for these traits. Of the ocular biometric traits, poor model fits were predominantly confined to hypotheses concerning means across zygosity (H2 M ) and twin-sibling groups (H4 M ).
Significant differences between twins and siblings were found for IPD (Cohen' 
Discussion
The search for genetic variants directly associated with or causing disease has taken on renewed vigor with the recent advent of high-throughput molecular genotyping technologies. Justification for such studies usually begins with validation that the trait under investigation has a heritable component. A commonly misunderstood concept; heritability refers to the proportion of phenotypic variation of a trait in the population studied that is due to genetic factors (the interested reader is referred to a recent review article for a more detailed treatment of heritability and related studies in the field of ophthalmology). 22 Given the majority of ophthalmic heritability studies are based on twin data, 22 a reasonable enquiry relates to the generalizability of the results to the population at large. In this study
we characterised the distributions of a series of birth, anthropometric and 13 ocular biometric traits in a large cohort of twins and their siblings. Importantly, the assumption of twin representativeness for the general population was tested by comparing distributional parameters between the two groups.
Considering birth parameters, we confirm the previously reported differences in gestation and birthweight, with siblings more likely to be born full term and to be heavier than twin neonates. A confounding issue regarding differences of gestation duration relates to high prevalence rates of induced or planned cesarean sections in multiple births. Given that twins also have a greater risk of perinatal mortality (labor and delivery complications) than singletons, 23 increased intervention to deliver twins earlier in the third trimester has become common. 24 Our results for adult height and weight twin-sibling trends are similarly in accordance with other published data. In a comparison of female twins from the UK Twin
Registry and unrelated singletons, Andrew et al. found DZ twins were on average 600 g lighter than the singleton cohort, and MZ twins were consistently lighter than their DZ counterparts across all age strata. 25 With regards to height, anthropometric data for participants in the Netherlands Twin Registry found twins and siblings attained similar height in adulthood, but siblings were heavier than twins and interestingly also had increased weight and body-mass index compared to population-based data from national reference growth charts. 26 Although our data failed to show such an association, it's tenable that this disparity is related to differences in birthweight, given the documented positive correlation between neonatal and adult weights. 27 In relation to ocular biometry, siblings seem to have better visual acuity, longer eyes and greater IPDs than twins. Comparative twin-sibling data for the ocular parameters investigated in this study are scant; however, several published reports have examined associations with birthweight and gestational age largely in the context of retinopathy of prematurity (ROP). In one cohort of low birthweight (< 1700 g) participants born with or without ROP and subsequently examined in adolescence, O'Connor et al. observed higher prevalence of visual impairment compared to full-term infants, 28 with similar findings reported in other studies. 29, 30 The pathophysiology underlying maldevelopment of visual function in preterm infants is poorly understood. Fielder postulated that exposure of immature tissues to environmental illumination may be associated with subtle ocular morbidities including mild vision reduction and arrested eye growth. 31 The birthweights of newborns in many of these studies were very low and are unlikely to be directly comparable with that of our participants, but they may be indicative of potential trends.
Our finding of larger eyes and IPDs in full-term siblings is in accordance with previously published data. In one series of children who developed ROP, axial lengths were shorter and corneal curvatures larger than in preterm controls delivered without the condition. 32 Cook et al. observed similar results for axial length and corneal curvature, in addition to shallower anterior chambers in low birthweight infants compared to full-term controls. 33 Low birthweight has also been associated with smaller IPDs. 34 Taken together, these are not unexpected findings, given that birth size naturally moderates head size and associated oculometric parameters. 35 There also appears to be a pleiotropic genetic effect for axial length and anterior chamber depth with twin data suggesting that shared genes are responsible for the phenotypic correlations noted in one study. 36 Additionally, recent work by Zhang et al, has shown that axial length is associated with height and that covariation of these parameters is also driven by shared genes. 37 On this basis we re-analysed axial length including height as an additional covariate; the difference in log likelihood (H4 M ) was 15.31 and no longer significant. Thus, twin-sibling differences in axial length may be explained in part by differences in body height. It may be prudent to adjust for this anthropometric trait in further research investigating the genetic characteristics of axial length that employ twin and non-twin subjects.
The difference in refractive error between twins and siblings in our study was not significant in model testing. However, the longer axial length observed in siblings concurs with them being more myopic, although interestingly we did not observe compensatory disparities in corneal curvature as others have noted. 32, 33 Our finding of equivocal refractive error is consistent with that reported in the literature. O'Connor et al. noted that preterm children were at higher risk for the development of all forms of refractive error. 38 In another cohort of twins, triplets and singletons, no significant differences in the prevalence of refractive error between multiples and singletons was detected. 39 A previous study investigating the representative of twins for the ocular parameter, refractive error, did not show any significant difference between twins and singletons for myopia, although small differences were observed for hyperopia and astigmatism. 14 The distributions of IOP among twins and siblings in this study are hard to explain and may reflect the difficulty in obtaining accurate IOP measurements based on a single reading. 40 While the effect size describing the difference between the two groups was small (Cohen's d 0.24), there are no physiological grounds for the observed variation.
Our results showed no differences between twins and siblings for a number of ocular traits including: corneal curvature, CCT, optic disc, cup and rim area and retinal vessel vascular calibers. A recent study investigating the association between birthweight and optic nerve head parameters did find low birthweight was associated with smaller disc areas, larger cup areas and larger cup/disc ratios in children aged 12 years. 41 While our data did not reflect this trend, the possibility that fetal growth restriction may affect optic disc parameters and subsequent long-term glaucoma risk bears consideration. Indeed, using the same cohort described in this paper, Sun et al. found that narrower retinal arteriole caliber in young twins were associated with smaller birth size, thus adding further support for the DOHaD hypothesis.
42
This work involves multiple comparisons and p values were adjusted accordingly. A more conservative α level was selected as approximately 110 significant results were initially found at α = 0.05 when about 19 would be expected to be due to Type I errors. A limitation of this study therefore relates to decreased power to detect differences, particularly for trait differences of small magnitude. For example, power to detect an effect size difference of 0.5 is 99% compared to 15% for an effect size of 0.2, given α = 0.00023.
However, a statistically significant finding may not translate to a clinically relevant difference; our goal was to ensure moderate to larger effect sizes were detectable in the traits examined and we are confident this is the case in the current study.
In conclusion, twins are representative of the general population for many, but not all measures of ocular biometry. Thus, in pooling data for genetic studies, consideration needs to be given to traits that may differ and the generalizability of twin-related findings should be reviewed. One potential method may be to account for twin data by incorporating twin status as a covariate in population-based analyses such as GWAS.
Furthermore, birthweight differences between siblings and twins do not appear to account for the differences in ocular biometry measures observed in this study. , sex*age, and sex*age 2 . ‡ Additionally adjusted for Birthweight The effect of Birthweight was examined by comparing the fit of the saturated model to a model with the parameter removed. If the difference in LL was significant, BW was retained as a covariate in hypothesis testing, otherwise it was eliminated. 
